Apoptosis represents a universal and exquisitely efficient cellular suicide pathway essential for a variety of normal biological processes ranging from embryonic development to ageing. In fact, tissue homeostasis is dependent on the perfect balance between positive and negative signals that determines the decision between life and death. Therefore, any imbalance can result in a wide range of pathologic disorders associated with unwanted apoptosis or cell growth. During the apoptotic process, the molecular players interact closely with each other in ways relevant to accelerate or interrupt the cellular death process. In addition, two major pathways of apoptosis activation have been recognized as the "intrinsic" mitochondrial pathway and the "extrinsic" death receptor pathway. Although these pathways act independently to initiate apoptosis, a delicate balance and cross-talk between the extrinsic and intrinsic pathways is thought to occur in many cell types. Interestingly, we have shown that ursodeoxycholic acid (UDCA), an endogenous hydrophilic bile acid, is a potent inhibitor of apoptosis by either stabilizing the mitochondrial membrane or modulating the expression of specific upstream targets. Herein, we review the main effectors involved in the death machinery, describe how they interact to regulate apoptosis, and discuss the main pathways that control cell death and survival. Further, we address multiple interesting targets as well as the potential application of UDCA as a therapeutic modality for apoptosis-related disorders.
Game and Players: Mitochondrial Apoptosis and the Therapeutic Potential of Ursodeoxycholic Acid
to physiological, pathogenic, or cytotoxic stimuli. This genetic program of cell suicide is vital in a wide variety of normal processes ranging from fetal development to ageing, including immune system education, defense against viruses and tissue homeostasis (Reed, 2002) . Although apoptosis is a highly regulated mechanism; aberrant levels of apoptosis can occur at any time from embryogenesis to adulthood, resulting in a variety of pathological conditions. In fact, many medical illnesses are attributed directly or indirectly to unregulated apoptosis. An excess of apoptosis may result in T cell depletion, neurodegenerative diseases or hepatocellular degeneration, while impaired apoptosis is frequently observed in tumorigenesis (Daniel, 2000) . A better knowledge of the effectors of the death machinery and how they interact to regulate apoptosis defines a potential point of intervention for various human diseases. It is, therefore, not surprising that apoptotic pathways have been a topic of intensive research to identify molecular targets and propose effective therapies in the management of apoptosis-associated disorders.
Interestingly, ursodeoxycholic acid (UDCA), an endogenous hydrophilic bile acid modulates the apoptotic threshold by acting through different molecular pathways. UDCA has been traditionally used for treatment of liver diseases associated with increased levels of apoptosis, including primary biliary cirrhosis, primary sclerosing cholangitis, pediatric cholestatic disorders, cystic fibrosis, and intrahepatic cholestasis associated with pregnancy (Poupon et al., 1994; Rubin et al., 1994) . Notably, after conjugation with taurine, UDCA administered in high doses can be delivered to different tissues outside the liver, including the brain. In this regard, it has been demonstrated both in vitro and in vivo that tauroursodeoxycholic acid (TUDCA) can benefit certain acute and chronic neurodegenerative disorders, which are associated with increase levels of apoptosis. TUDCA is a potent neuroprotective agent not only in pharmacologic and transgenic animal models of Huntington's disease (Keene et al., 2002; Keene et al., 2001) , but also for acute ischemic and hemorrhagic stroke Rodrigues et al., 2002) . Considering its clinical safety, UDCA and/or its conjugate derivates may potentially be powerful therapeutic agents in several human apoptosisassociated injuries.
Molecular mechanisms of apoptosis
During apoptosis, cells undergo a number of distinct morphological and biochemical modifications, such as cell shrinkage, chromatin condensation, nuclear membrane breakdown and formation of small vesicle-like structures, known as apoptotic bodies. Curiously, the term apoptosis, was first used by Kerr (Kerr et al., 1972) more than 30 years ago, and is derived from Greek to mean "falling or dropping off" as petals or leaves.
Introduction
The process of cell death typically follows one of two patterns: necrosis or apoptosis (Bayerdorffer et al., 1993) . The first is the consequence of acute metabolic perturbation as it occurs in ischemia/reperfusion or acute drug-induced toxicity. In contrast, apoptosis represents the execution of a death program often initiated by specific stimuli. Nevertheless, it is important to note that, in certain occasions, rather than separate entities, apoptosis and necrosis are frequently the consequence of the same initiating factors and signaling pathways, representing extremes on a continuum of cell death (Bull et al., 1983; Hofmann, 2002) .
Apoptosis is an active mechanism by which metazoan organisms quickly eliminate cells in response 124 Solá et al. The molecular mechanisms of programmed cell death are highly conserved throughout evolution. Studies in Caenorhabditis elegans (C. elegans) have demonstrated that cell demise is carried out by specific cellular pathways (Hall et al., 1997) , suggesting that it may be more "programmed" than initially thought. In fact, cell death in C. elegans is regulated only by three genes: ced-3, ced-4 and ced-9 (Fig. 1) . Further, Egl-1 blocks the activity of Ced-9, an inhibitor of Ced-4 that complexes with and activates the cysteinic protease Ced-3 (Conradt and Horvitz, 1998) .
The apoptosis process can be subdivided into initiation, effector and degradation phases (Kroemer et al., 1995) . In mammalian cells, the initiation stage depends on the type of apoptosis-inducing stimulus, whereas the effector and degradation stages are common to all apoptotic processes. Two principal pathways of apoptosis activation that have been recognized include the "intrinsic" mitochondrial pathway and the "extrinsic" death receptor pathway (Fig. 2) .
Mitochondrial pathway
Mitochondria are central to the life cycle of eukaryotic cells. However, in recent years, it has become clear that mitochondria also play a key role during apoptotic cell death (Kroemer, 2003) . In mammals, the intrinsic mitochondrial pathway of apoptosis is triggered by several forms of intracellular stress, including oxidative stress, DNA damage, and protein misfolding. This myriad of signals converges on the mitochondrion organelle, leading to membrane permeabilization, release of apoptogenic proteins, and activation of a family of deathinducing cysteine proteases, termed caspases, which cleave a wide array of cellular substrates, leading to cell death. Once activated, caspases amplify the death signal by activating other caspases through proteolytic cleavage. In this regard, several potential targets for modulating mitochondrial apoptosis have been described in ways relevant to the treatment of apoptosis-related human diseases.
Mitochondrial
membrane permeabilization. During apoptosis, the process of mitochondrial membrane permeabilization, in particular the collapse of the mitochondrial inner transmembrane potential, appears to represent a point of no return for many cell types (Von Ahsen et al., 2000) . Although the intricate mechanisms for release of apoptogenic factors from mitochondria to the cytosol are not fully understood, the basic processes have been elucidated (Green and Reed, 1998; Thornberry and Lazebnik, 1998) . Following a toxic stimulus, two major pathways have been proposed for release of caspaseactivating proteins from mitochondria. The first is the opening of the mitochondrial permeability transition (MPT) pore; whereas the second is associated with the formation of specific release channels in the outer mitochondria membrane that are regulated by proapoptotic members of the B-cell lymphoma-2 (Bcl-2) family. Importantly, the mechanism by which the bile acid UDCA reduces apoptosis in various cell types, from hepatocytes to neurons, appears to involve an interplay of inhibitory mechanisms for both depolarization and channel-forming activity of the mitochondrial membrane.
Finally, it was recently proposed that mechanisms which regulate structure/function of mitochondria may also play key roles in mitochondrial membrane permeabilization. Nevertheless, the function of proteins involved during the fission and fusion mechanisms of mitochondria during apoptosis are only now beginning to be identified (James et al., 2003) .
Mitochondrial permeability transition pore opening.
Since the initial characterization of the MPT (Hunter et al., 1976) , its onset has been implicated as a key mechanism underlying both necrotic and apoptotic cell death. In fact, it has been proposed that opening of the MPT pore leads to the collapse of the mitochondrial inner transmembrane potential, expansion of the matrix space, and subsequent rupture of the outer membrane (Kroemer et al., 1997; Marchetti et al., 1996; Petit et al., 1996) . Inhibitors of the MPT pore, such as cyclosporin A, prevent apoptosis in some systems, supporting a central role for MPT in the apoptotic process . We have also demonstrated that the antiapoptotic effect of UDCA was associated with reduction of the MPT in isolated mitochondria, as well as in primary rat hepatocytes (Rodrigues et al., 1998b; Rodrigues et al., 1999) . Ca 2+ , inorganic phosphate, alkaline pH, and reactive oxygen species (ROS) are only a few of the many agents that induce MPT by opening high conductance permeability transition pores in the mitochondrial inner membrane. The molecular composition of the MPT pore remains unclear. Nevertheless, it has been shown that the structure spans the mitochondrial inner and outer membranes, and is composed of proteins from both membranes and the matrix (Kroemer and Reed, 2000) . It has been suggested that the adenine nucleotide translocator (ANT), located in the mitochondrial inner membrane, is an essential component of the MPT pore (Brustovetsky and Klingenberg, 1996) . In addition, the voltage-dependent anion channel (VDAC) of the outer mitochondrial membrane and cyclophilin D from the matrix (Crompton et al., 1998) were also proposed to be part of the MPT pore complex. VDAC has the important role of making the outer membrane permeable to metabolites that must move in and out of mitochondria, such as ATP, ADP, and respiratory substrates. Cyclophilin D is a peptide prolyl cis-trans isomerase in the matrix space that appears to associate with the MPT pore elegans. EGL-1 blocks the activity of CED-9 (1), an inhibitor of CED-4 (2) that complexes with and activates the cysteinic protease CED-3 (3) to induce cell death (4). Although increasing in complexity from C. elegans to mammals, the fundamental components of the apoptotic system were relatively conserved throughout evolution. →, induction; , inhibition. complex, conferring cyclosporine A sensitivity. Moreover, there are other proteins that may bind to and regulate the MPT pore opening, including members of the Bcl-2 family, such as Bax (Tsujimoto and Shimizu, 2002) , and viral proteins (Vprs), such as Vpr from HIV-1 (Halestrap and Brennerb, 2003) . Thus, VDAC may be an essential player in apoptosis, contributing to the release of various apoptogenic proteins from the intermitochondrial space to the cytosol, and thereby promoting cell death (Zoratti and Szabo, 1995) .
Bcl-2 family regulation. Since the discovery that certain Bcl-2 family proteins could form channels of discrete conductance across synthetic lipid membranes, they have been prime candidates for the formation of apoptogenic factor releasing channels (Minn et al., 1997; Schendel et al., 1999) . In fact, Bcl-2-related proteins constitute one of the biologically most relevant classes of apoptosisregulatory gene products, acting at the effector stage of apoptosis. Bcl-2 was first identified as a proto-oncogene in follicular B-cell lymphoma. In lymphoma cells, the bcl-2 gene was found at the breakpoint of the translocation between chromosomes 14 and 18, where the gene is under control of the immunoglobulin heavy chain intron enhancer (Tsujimoto et al., 1985) . Subsequently, Bcl-2 was identified as a mammalian homologue to the apoptosis repressor Ced-9 in C. elegans.
There are three groups of Bcl-2-like proteins (Fig.  3) . Group I is constituted by proteins that contain four conserved Bcl-2 homology (BH) domains, BH1, BH2, BH3, and BH4, and have a C-terminal hydrophobic tail, which allows them to anchor to the cytosolic surface of intracellular membranes (e.g. Bcl-2, Bcl-x L ) (Kaufmann and Hengartner, 2001 ). Members of group II differ from group I by the absence of the BH4 domain (e.g. Bax, Bak), while group III has a higher level of heterogeneity, comprising proteins with only the BH3 domain (e.g. Bad, Bid, Bim, Bik, Hrk) (Cory et al., 2003) . Interestingly, BH domains have been shown to mediate protein interactions that form either homo-or hetero-complexes (Yin et al., 1994) .
Bcl-2 family members regulate the mitochondrial apoptotic pathway by either a positive or negative fashion (Sorenson, 2004) . It was proposed that antiapoptotic members of multi-domain Bcl-2 family proteins (e.g. Bcl-2, Bcl-x L , Bcl-w, Mcl-1, A1) have a modulatory action, while proapoptotic members (e.g. Bax, Bak) would be effectors of the integration process. Further, proapoptotic BH3-only proteins may function as cell sensors involved in processing the different signals for life and death. While some members of this family are constitutively localized in the outer mitochondrial membrane, other family members have been identified in other subcellular localizations, including the endoplasmic reticulum, cytosol and bound to microtubules. The subcellular localization of Bcl-2 family members is controlled through such processes as heterodimerization, phosphorylation and proteolysis, among others. The mechanism(s) by which Bcl-2 family members regulate membrane permeability remains controversial. The three most popular theories postulate that they either form de novo protein channels in membranes, interact with and regulate pre-existing mitochondrial membrane pores, or alter the membrane lipid order to produce pores (Sharpe et al., 2004) . Bax and Bak are normally located, as monomers, either in the cytosol or loosely attached to the outer mitochondrial membrane. Following induction of apoptosis, these proteins undergo a conformational change, oligomerize, and translocate to the outer mitochondrial membrane (Hsu et al., 1997) . In fact, protein-protein interactions and/ or conformational alterations of Bax and Bak proteins may expose their hydrophobic domains, leading to a change in subcellular localization . After insertion into the mitochondrial lipid membrane, Bax and/or Bak form a hydrophobic pore, triggering the release of apoptogenic factors, such as cytochrome c (Epand et al., 2002; Eskes et al., 1998; Finucane et al., 1999) . Curiously, antiapoptotic members of the Bcl-2 family, such as Bcl-2 and Bcl-x L , reside in the mitochondrial membrane and interact with Bax through the BH1 and BH2 domains, preventing pore formation and release of apoptogenic proteins (Antonsson et al., 1997) . Moreover, the proapoptotic member Bad binds and inactivates Bcl-2 and Bcl-x L (Datta et al., 1997) , while BH3-only proteins link the death receptor and the mitochondrial pathways of apoptosis (Luo et al., 1998) . Bax and Bcl-2 are also thought to induce modulation of the MPT pore (Vieira et al., 2000) . However, others have demonstrated that Bax does not have a major role in regulating the MPT pore in isolated mitochondria (De Marchi et al., 2004) .
Interestingly, experimental evidences have indicated that UDCA may also interfere with Bcl-2 family members, decreasing mitochondrial-associated Bax protein levels (Rodrigues et al., 1998a) . UDCA directly binds and stabilizes the mitochondrial membrane, thus preventing the insertion of Bax in the mitochondria . Further, we have recently demonstrated that this hydrophilic bile acid induces expression of Bcl-2 and decreases Bax levels in a caspase-independent manner . Finally, other approaches have been proposed for exploiting Bcl-2 family proteins for therapeutic gain. For example, antiapoptotic Bcl-2 family genes have been the target for cytoprotection in animal models for the potential treatment of several human brain injuries (Dubois-Dauphin et al., 1994; Kostic et al., 1997) . In contrast, molecules have been reported that bind to antiapoptotic Bcl-2 or Bcl-x L and promote apoptosis of cancer cells (Degterev et al., 2001; Tzung et al., 2001) . Although these compounds are only in development stage, they provide proof-of-concept that it may be possible to derive sufficiently potent compounds for antagonizing the functions of selected members of the Bcl-2 family in vivo.
Release of apoptogenic factors. During apoptosis, mitochondrial outer membrane permeabilization results in release of cell death-activating factors to the cytosol, including cytochrome c, second mitochondria-derived activator of caspases/direct IAP binding protein with low pl (Smac/DIABLO), apoptosis-inducing factor (AIF), and endonuclease G (Endo G) (Parone et al., 2002) . Once released, these proteins activate caspases, which in turn cleave a wide array of cellular substrates, ultimately resulting in demise of the cell.
Cytochrome c is an electron carrier in the respiratory chain. Nevertheless, it is also a key factor in opening the door to cell death. Once in the cytosol, cytochrome c binds with high affinity to the scaffolding protein known as apoptotic protease-activating factor-1 (Apaf-1) (Fig.  4) . Cytochrome c induces conformational changes in Apaf-1, mediated by cytosolic dATP and/or ATP, allowing the homo-oligomerization of Apaf-1 (Zou et al., 1997) . The inactive form of caspase-9, procaspase-9, is then recruited to the complex through caspase-activating and -recruiting domains (CARD) and CARD-CARD interactions. The apoptosome complex rapidly processes procaspase-9 into the mature and active form, caspase-9, which in turn activates other caspases that function as downstream effectors of the cell death program (Thornberry and Lazebnik, 1998) . The fundamental components of this complex have been conserved throughout evolution of metazoan organisms (Rodriguez et al., 1999) . Nevertheless, a novel role for cytochrome c was recently described. In fact, upon induction of apoptosis, cytochrome c gradually accumulates in the nucleus, inducing chromatin condensation and release of acetylated histones (Nur et al., 2004) .
The inhibitors of apoptosis proteins (IAPs) are normally present in the cytosol, directly inhibiting caspases (Bratton et al., 2001) . Cells have evolved an interesting mechanism to overcome the effects of these inhibitory proteins. In fact, a novel human protein Smac, and its murine homologue DIABLO has been recently described as a promoter of apoptosis by eliminating IAP inhibition of caspases (Du et al., 2000; Ekert et al., 2001) . Smac/DIABLO is synthesized as a 239 amino acid precursor protein which is targeted to the mitochondria via its N-terminal domain. Once in the intermembrane space, the mitochondrial localization sequence is proteolytically removed, exposing an IAP-binding motif. After mitochondrial membrane permeabilization, mature Smac/DIABLO is released into the cytoplasm, where it binds IAPs and reduces their inhibition of caspases. It is thought that Smac/DIABLO directly competes with caspases for the IAP binding site or, somehow, interferes with the caspase/IAP interaction. In addition to these effects, Smac/DIABLO may also be a proapoptotic molecule by other mechanisms, possibly involving the apoptosome complex (Roberts et al., 2001) . Recently, the mitochondrial serine protease HtrA2/Omi was shown to interact with IAPs, inhibiting their function and promoting cell death through an increase of caspase activity (Verhagen et al., 2002) .
Antiapoptotic Proapoptotic
The link between mitochondrial membrane permeabilization and nuclear degradation has been established through the activity of AIF (Susin et al., 1999) . Although heat shock protein 70 (hsp70) inhibits AIF activity by physical interaction , the nuclear translocation of AIF appears to be a general pathway of apoptosis in mammalian cells. Furthermore, AIF has NADH oxidase activity, scavenging and protecting cells from oxidative stress (Miramar et al., 2001) . The N-terminal domain of AIF containing the mitochondrial localization sequence is cleaved when AIF is imported into the mitochondrial intermembrane space, giving rise to a mature form of the protein. During the apoptosis process, AIF is translocated from the mitochondria to the cytosol, and subsequently to the nucleus where it induces peripheral chromatin condensation and high molecular weight DNA fragmentation (~ 50 kbp) (Susin et al., 1999) , via proteolytic activation of a nuclear endonuclease. Currently, the mechanism of AIF-induced cell death is considered to be independent of caspases. However, several studies have also demonstrated that the release of AIF from the intermembrane space of the mitochondria may be caspase-dependent (Cande et al., 2004) . However, developmental studies seem to argue in favor of the first hypothesis, since the effect of AIF in very early stages of mammalian development is essentially a caspase-independent mechanism (van Gurp et al., 2003) . It is important to note that at odds with the mitochondrialmediated pathway, apoptosis driven by the nucleus is often a caspase-independent process.
Finally, Endo G, initially thought to be involved in the replication of the mitochondrial genome, is also translocated from the mitochondria into the nucleus after mitochondrial membrane permeabilization, cleaving DNA in a caspase-independent manner (Li et al., 2001; van Loo et al., 2001) . It was recently demonstrated that a deoxyribonuclease inhibitor significantly reduces the nuclear activity of a recombinant Endo G protein, and that the endogenous silencing of Endo G by RNA interference inhibits apoptosis levels in primary rat hepatocytes (Ishihara and Shimamoto, 2006) . Notably, it has been suggested that Endo G plays a critical role in the induction of apoptotic neuronal excitotoxicity, such as in cerebral ischemia. Endo G is predominantly colocalized with AIF in ischemic mice brain, and spatially related with DNA fragmentation (Lee et al., 2005) . The type of DNA fragmentation induced by Endo G is still controversial (Li et al., 2001) . Some studies have indicated that the nuclear translocation of Endo G is not sufficient for the induction of oligonucleosomal DNA fragmentation (Park et al., 2005) . Further investigation is required to elucidate the interaction of Endo G and other effectors in nuclear apoptosis. (1), thereby allowing the homooligomerization of Apaf-1. Subsequently, the apoptosome complex processes procaspase-9 into the mature and active form caspase-9 (2), which in turn activates procaspase-3 and triggers apoptosis (3). →, induction.
Caspase activation
The executioners of the apoptosis process are a group of cysteinic proteases that cleave their substrates at the site of an aspartate residue, and are termed cysteinyl aspartate-specific proteases or caspases (Thornberry and Lazebnik, 1998) . The caspases substrates include a wide range of substrates, such as Bid, the poly(ADPribose) polymerase (PARP), lamins, among many others. The critical involvement of caspases in apoptosis was first documented in 1993, when Ced-3 was found to play a central role in programmed cell death of C. elegans (Yuan et al., 1993) . These proteins are synthesized as inactive zymogens or precursor forms, and must undergo a process of activation during apoptosis. Therefore, based on their order of activation, caspases are classified into two families of the initiator caspases (e.g. caspase-1, -2, -8, -9, -10) and the effector caspases (e.g., caspase-3, -4, -5, -6, -7, -11, -12, -13) (Shi, 2002) . The inactive form of the caspase zymogen consists of an N-terminal prodomain in addition to large and small subunits. These long prodomains contain specific protein-protein interaction motifs, named CARD. Curiously, although many of the CARD-family proteins can interact with caspases to either trigger or suppress apoptosis, structural studies indicate that CARD-CARD protein interactions do not represent compelling small-molecule drug targets. Through the N-terminal domains, initiator caspases interact with adaptor proteins that recruit them to specific "death complexes", which are large multiprotein complexes mediating caspase activation. In mammals, the death complexes include the apoptosome in the mitochondrial pathway, and/or the Fas associated death domain (FADD)/caspase-8 death-inducing signal complex (DISC) in the death receptor pathway. In response to an upstream apoptotic stimulus, initiator caspases also known as "apical caspases" undergo a complex course of autocatalytic processing and activation, requiring several auxiliary factors (Shi, 2002; Shi, 2004) . In fact, the autocleavage of the intrachain that occurs in initiator caspases appears to have only a modest effect on its catalytic activity (Srinivasula et al., 1998) . For example, procaspase-9 needs the apoptosome assembly to enhance the catalytic activity of caspase-9.
Even with removal of the prodomain, the crucial step in activation of initiator caspases is formation of a homodimer of the zymogen rather than proteolytic cleavage (Fig. 5) . The mature form of caspases are heteromeric α 2 β 2 tetramers, bearing catalytic activity with two identical small and large subunits (Degterev et al., 2003) . In addition, the subsequent cleavage within the interdomain linker stabilizes the apical caspase dimmers. After activation, initiator caspases specifically cleave the intrachain of effector caspases zymogens, enhancing their catalytic activity by several orders of magnitude. In the apoptotic mitochondrial pathway, the initiator caspase-9 activates the effector caspase-3, which in turn can activate other effectors towards cell death (Thornberry and Lazebnik, 1998) . The downstream effectors activated by caspase-3 include caspase-6 and -7, and endonucleases, such as the deoxyribonuclease (DNAse) acinus and caspase activated deoxyribonuclease (CAD)/ DNA fragmentation factor 40 (DFF40). Acinus is cleaved by caspase-3, giving rise to an active DNAse, responsible for chromatin condensation without DNA fragmentation. Curiously, CAD/DFF40 normally resides in the nucleus, in a complex with its endogenous chaperone, the inhibitor of CAD (ICAD)/DFF45. The cleavage of ICAD/DFF45 by caspase-3 releases CAD/DFF40 (Sakahira et al., 1998) , which in turn cleaves DNA in internucleosomal fragments (~ 200 bp). During apoptosis, caspase-3 is also responsible for the proteolytic cleavage of PARP (Rosen and Casciola-Rosen, 1997) into two inactive fragments of 24 and 85 kDa. The N-terminal fragment (p24) remains in the nucleolus, retains its DNA-binding activity and inhibits the catalytic activity of uncleaved PARP, while impairing DNA repair.
In the mitochondrial pathway, caspase-9 was considered the initiator caspase and the release of cytochrome c is essential for the activation of the caspase cascade (Thornberry and Lazebnik, 1998) . However, it was recently demonstrated that in response to cell stress, activation of caspase-2 is required for mitochondria permeabilization (Lassus et al., 2002) . Similar results were reported by two other groups, which demonstrated that caspase-2 can directly induce release of cytochrome c, Smac/DIABLO and AIF from the mitochondria (Guo et al., 2002; Robertson et al., 2002) . Another group also reported that caspase-2 in the nucleus signals cytochrome c release from mitochondria (Paroni et al., 2002) . Using different systems and cell types, all of these studies suggest that caspase-2, not caspase-9, is the apical caspase in the proteolytic cascade initiated by stress signals. If correct, this model might help to explain the occurrence of apoptosis in cells lacking Apaf-1 or caspase-9 (Zheng et al., 1999) . Further, overexpression of Bcl-2 in lymphocytes, but not the absence of Apaf-1 and caspase-9, has been shown to significantly increase the number of cells (Marsden et al., 2002) .
In addressing the pivotal position of the mitochondrial pathway of apoptosis, recent studies have also suggested an endoplasmic reticulum (ER) stress-mediated pathway that bypasses mitochondria to directly activate caspases. Although not fully understood, this pathway appears to involve disruption of calcium homeostasis as well as caspase-12 activation (Lamkanfi et al., 2004) . Interestingly, during apoptosis, translocation of the Bcl-2 protein, Bim, to the ER can mediate ER-stress signaling for activation of caspase-12 (Morishima et al., 2004) . Also, caspase activation does not always lead to cell death and may, in fact, be required for cell differentiation. The function of caspase-1 and -5 is thought to be involved in processing precursors of certain inflammatory cytokines. Caspase-1 also plays a key role during apoptosis of neurons and macrophages. It was recently demonstrated that caspase-1 is an upstream positive regulator of caspase-6-mediated cell death in primary human neurons (Guo et al., 2006) . Further, caspase-1 promotes apoptosis in cancer cells (Feng et al., 2005) . In addition, the expression of caspases is spatially and temporally regulated, depending on the cell type and development stage. Curiously, caspase-2, -10 and -14 mRNAs are abundantly present in various embryonic tissues, but are poorly expressed in adult tissues, suggesting a specific role of these caspases in fetal development. On the other hand, it has been shown that the cellular context plays an important role in defining the consequences of caspase activation (Abraham and Shaham, 2004) . Finally, recent investigations have demonstrated caspase-independent pathways leading to cell death, where the regulation of the mitochondrial integrity is still a key event (Donovan and Cotter, 2004) , such as in AIF-and Endo G-induced apoptosis.
Among the potential apoptosis-based drug targets, strategies that target caspases are at the forefront for blocking apoptosis in numerous diseases. For example, caspase-1 knockout mice show marked resistance to endotoxin-induced sepsis (Li et al., 1995) , demonstrated less tissue loss in stroke models (Bergeron et al., 1998) , and have slower disease progression in a mouse model of Huntington's disease (Ona et al., 1999) . Furthermore, potent non-peptidyl small-molecule inhibitors of certain caspases have been described (Lee et al., 2001) , raising hopes that molecules with pharmaceutical properties can be identified and developed for clinical use. Nevertheless, it is important to note that their mechanism of action targets events that occur subsequent to the damaging effects of mitochondrial membrane permeabilization.
Death receptor pathway
Life and death decisions of the cell are significantly influenced by components of the extracellular matrix, which can change dynamically during differentiation, development and other tissue-remodeling events. The classical death receptor pathway of apoptosis is initiated by the binding and activation of transmembrane death receptors, leading to the recognition of DISC (Krammer, 1999) . The function of this pathway was first typified by members of the tumor necrosis factor receptor (TNFR) family, including the Fas/CD95/APO-1 and TNF-α receptors (Nagata and Golstein, 1995) , after binding of the proapoptotic Fas ligand (FasL) and TNF-α (Brunner et al., 1995) . In fact, binding of trimeric ligands triggers recruitment of adaptor proteins to the death domain of the receptor. These include FADD for the TNF and Fas pathway or receptor interacting protein (RIP) and RIPassociated ICH-1/Ced-3-homologous protein with a death domain (RAIDD) for the TNF-R1 (Blagosklonny, 2000) . The adaptor proteins then recruit procaspases, which are then combined into the enzymatically active heterotetramers. FADD was shown to contain two death effector domains that recruit caspase-8 or its enzymatically inactive homologue, the Fas inhibitor FADD-like interleukin-1β-converting enzyme (FLICE)-inhibitory protein (FLIP) (Krueger et al., 2001) . Caspase-8 is the dominant death receptor-activated caspase, and is recruited by the TNFrelated apoptosis-inducing ligand (TRAIL) receptors, Fas/ CD95, and TNF-R1. Indeed, it was already established that TRAIL induces apoptosis of cancer cells through mechanisms that involve the activation of caspase-8 (Lacour et al., 2001) . Differences in the ratios of deathinducing receptors or other factors influence the selective vulnerability of tumor cells to TRAIL, promoting preclinical efforts to use recombinant protein fragments of TRAIL for cancer therapy. Active caspase-8 then promotes cleavage of various downstream caspases, including caspase-3, -6 and -7, which in turn execute apoptosis by degrading hundreds of regulatory proteins. In addition, caspase-10, which was primarily implicated in TRAIL-mediated death, may contribute, but apparently is not decisive in TRAIL and Fas signaling, while TNF-R1 seems to recruit Fig. 5 . Activation of caspases. After proteolytic cleavage of caspases, the prodomain is removed. Nevertheless, the crucial step in activation of initiator caspases appears to be the formation of a homodimer of the zymogen rather than the proteolytic cleavage. →, induction.
caspase-2 via RIP and RAIDD adaptor proteins (Daniel, 2000) . Importantly, active caspase-8 cleaves the Bcl-2 family member Bid to generate an active truncated Bid (tBid) fragment, allowing the cross-talk between death receptor and mitochondrial pathways of cell death (Li et al., 1998; Luo et al., 1998) . In fact, tBid acts as a cofactor for Bax and Bak, inducing their conformational change and subsequent mitochondrial translocation (Eskes et al., 2000; Roucou et al., 2002) . Furthermore, tBid was shown to interact with and inhibit the antiapoptotic protein Bcl-2 in the outer mitochondrial membrane (Kim et al., 2000) . Other groups have demonstrated that both full Bid and tBid may directly induce mitochondrial membrane permeabilization and cytochrome c release (Goonesinghe et al., 2004) . In fact, targeting of Bid to mitochondria is facilitated by N-myristosylation at a site that becomes available for modification after caspasemediated processes. Interestingly, in response to different conditions of stress, the activation of caspase-8 by the death receptor pathway is the key to activate the mitochondrial apoptosis machinery, as an amplifying loop of cell death. This coordination between the extrinsic and intrinsic apoptotic pathways reinforces the critical role of the mitochondrial organelle during programmed cell death. In this regard, UDCA was shown to partially prevent the death receptor pathway of apoptosis in primary mouse hepatocytes co-cultured with fibroblasts that express the Fas ligand, possibly by its direct effects at the mitochondrial membrane (Azzaroli et al., 2002) .
Survival pathways and apoptosis
There are several antiapoptotic pathways that tightly regulate apoptosis. For example, antiapoptotic members of the Bcl-2 family largely contribute to reducing cell death, mainly by interacting with proapoptotic proteins and inhibiting cytochrome c release from mitochondria. In addition, dephosphorylated Bad is normally located in the mitochondria, interacting with and inhibiting the antiapoptotic proteins, Bcl-2 and Bcl-x L . Upon survival signals, Bad is phosphorylated and sequestered by the 14-3-3 protein from its mitochondrial targets (Datta et al., 1997; del Peso et al., 1997) .
Cell surviving pathways are triggered by a wide range of agents, including cytokines from the TNF superfamily (Gaur and Aggarwal, 2003) , and bile acids (Rust et al., 2000) , among others. Survival stimuli generally mediate intracellular signaling through activation of transmembrane receptors, which either possess intrinsic tyrosine kinase activity (e.g. the insulin-like growth factor I receptor), are indirectly coupled to tyrosine kinases (e.g. integrins), or are indirectly coupled to seven transmembrane G protein-coupled receptors (e.g. the lysophosphatidic acid receptor LP A1 /VZ-1) (Clark and Brugge, 1995) . Importantly, attractive protein-kinase targets for inducing apoptosis can also be used to treat cancer.
Recently, the ability of trophic factors to promote survival has been attributed, at least in part, to the phosphatylinositide 3′-OH kinase (PI3K)/c-Akt kinase cascade. In fact, activation of transmembrane receptors results in the recruitment of PI3K isoforms to the inner surface of the plasma membrane as a result of ligandregulated protein-protein interactions (Toker and Cantley, 1997) . In fact, Akt family kinases become activated downstream of several growth-factor receptors and oncoproteins that trigger the activation of PI3K. Further, UDCA and TUDCA were shown to protect mitochondriacontrolled apoptosis by activating the PI3K survival pathway in primary rat hepatocytes and primary rat cortical neurons, respectively (Schoemaker et al., 2004; Solá et al., 2003a) .
Several targets of the PI3K/c-Akt signaling pathway have been recently identified . PI3K phosphorylates the 3-OH position of the inositol ring in phosphatidylinositol (PtdIns), generating PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 that bind to the pleckstrin homology domain of phosphoinositide-dependent kinase 1 (PDK1), which in turn activates downstream targets such as Akt and glucocorticoid-inducible kinase (SGK) (Park et al., 1999) . Akt inhibits apoptosis by inactivating proapoptotic proteins such as Bad, caspase-9, forkhead and Nur77, and by activating antiapoptotic proteins, such as nuclear factor-κB (NF-κB) and cAMP-response element-binding protein (CREB) (Datta et al., 1997; del Peso et al., 1997) .
NF-κB is a ubiquitous transcription factor that mediates a variety of proinflammatory responses (Ghosh and Karin, 2002) . In unstimulated cells, NF-κB is sequestered in the cytoplasm by NF-κB inhibitor proteins (IκBs), which prevent its translocation to the nucleus. In response to various stimuli, including cytokines and reactive oxygen species, specific kinases phosphorylate IκB, leading to its proteolysis and subsequent dissociation from NF-κB. In the nucleus, NF-κB binds to specific response elements in the promoter of target genes, including proinflammatory cytokines but also antiapoptotic Bcl-2 elements. Thus, activation of NF-κB promotes either cell injury or protection. Curiously, Akt modulates NF-κB activity by phosphorylating IκB kinase-α (Ozes et al., 1999) , and phosphorylates proapoptotic Bad, thereby blocking it from binding and inactivating antiapoptotic Bcl-2 and Bclx L (Datta et al., 1997) . Indeed, the NF-κB hyperactivity has been observed in several types of cancer. Some agents that have antitumor activity interfere with NF-κB activity (Sporn et al., 2001) . These compounds should be explored for their ability to sensitize tumors to apoptosis, in addition to their ability to treat inflammatory diseases in which NF-κB has been implicated. Proteosome inhibitors that are now in clinical trials for cancer might exert, at least in part, their antitumor activity through effects on NF-κB, by preventing degradation of IκB (Adams et al., 2000) .
Other studies have suggested that Akt also inhibits apoptosis at the premitochondrial level, by inhibiting cytochrome c release and alteration of mitochondrial membrane potential (Gottlob et al., 2001; Kennedy et al., 1999) . In addition, Akt was shown to suppress both conformational change and mitochondrial translocation of Bax (Tsuruta et al., 2002) , as well as to phosphorylate and inactivate caspase-9 (Cardone et al., 1998) . The mitogenactivated protein kinase (MAPK) pathway also plays a critical role in promoting cell survival. Curiously, another mechanism by which UDCA may prevent apoptosis in hepatocytes is via activation of MAPK survival signal (Qiao et al., 2002) . MAPK-activated kinases, the Rsks, catalyze the phosphorylation of Bad in vitro and in vivo. Rsks are also known to activate the transcription factor CREB, which in turn promotes cell survival (Bonni et al., 1999) .
Cells are also believed to acquire resistance to apoptosis by overexpression of IAPs. Following their initial discovery in the baculoviral genome, IAPs were identified in species ranging from yeast, nematodes, flies, and man. Several human IAPs have been described, including c-IAP1, c-IAP2, NAIP, Survivin, XIAP, Bruce, ILP-2, and Livin. The IAP family members are defined by one or more repeats of a highly conserved 70 amino acid domain, termed the baculovirus IAP repeat (BIR), located at the amino-terminus. As their name implies, IAP family proteins are able to inhibit apoptosis induced by a variety of stimuli. This mechanism is mainly mediated by direct binding and inhibition of certain caspases. Indeed, XIAP, c-IAP1, c-IAP2 and Survivin directly bind and inactivate caspase-3, -7, and -9 (Nachmias et al., 2004) .
Some IAPs are overexpressed in cancer and are associated with resistance to apoptosis. Among these are Survivin and melanoma IAP (MLIAP), also known as Livin/KIAP, which are expressed at low levels in normal adult tissues, but are found at higher levels in certain types of tumor (Ambrosini et al., 1997; Vucic et al., 2000) . Moreover, antisense experiments have also validated certain IAPs as potential drug targets for cancer (Chen et al., 2000) . Consequently, therapeutic strategies are being developed to interfere with IAP function, thus releasing caspases to induce apoptosis of cancer cells. In addition, IAPs are a novel target for gene therapy to reduce neuronal cell loss following stroke or other brain injuries. In this respect, hereditary mutations in the gene that encodes the IAP-family member NAIP (neuronalapoptosis inhibitory protein) have been described in some patients with spinal muscular atrophy, a motor-neuron degenerative disease.
Among the human IAPs, XIAP is the bestcharacterized member, having three BIR domains, which are functionally distinct. BIR 3 inhibits caspase-9 by binding to an area that is exposed after caspase-9 cleavage, while the region encompassing BIR 1 and BIR 2 was shown to act on caspase-3 and -7 (Takahashi et al., 1998) . Interestingly, much like Smac/DIABLO, the protein Grim has been described as an antagonist of IAPs, interfering with inhibition of caspases (Silke et al., 2004) . Finally, recent studies have discovered other functions for IAPs. Survivin has been shown to play a role in mitosis, mainly in microtubule organization , while c-IAP1 and c-IAP2 are an integral part of the type-2 TNFreceptor complex (Rothe et al., 1995) .
Cell cycle and apoptosis
Apoptosis and proliferation are intimately coupled. Since tissue homeostasis is dependent on the precise balance between cell proliferation and cell death, some cell cycle regulators modulate both processes. Transcription factors of the E2F family regulate the expression of many genes that are necessary for normal proliferation, in a cell cycle-specific manner (Dyson, 1998) . Nevertheless, one member of this family, E2F-1, has also been implicated in the induction of apoptosis (Nevins, 1998) . E2F-1 is typically bound to the unphosphorylated retinoblastoma protein (pRb) (Dyson, 1998) . However, under certain stress conditions and during the cell cycle, pRb is inactivated and/or degraded (Mittnacht, 1998) , releasing E2F-1 to transactivate its target genes. At least three different mechanisms have been proposed to play a role during E2F-1-mediated apoptosis, including the inhibition of antiapoptotic signaling, the stabilization of the tumor suppressor protein, p53, via the transcription p14 ARF , and the transcriptional activation of the p53 homologue p73 (Phillips and Vousden, 2001) . Under physiological conditions, the cooperation between all these pathways is likely to contribute to E2F-1-induced death. In fact, E2F-1 was shown to generate apoptosis by inhibiting antiapoptotic signals, including NF-κB (Phillips et al., 1999) . Further, E2F-1 induces p53 activity through an indirect mechanism ; in fact, p53 regulation occurs largely at the level of protein stability. In a normal unstressed cell, p53 is maintained at a low level by a negative feedback loop in which p53 induces the transcription of Mdm-2, a direct p53 target gene, which in turn binds to p53 and mediates its degradation (Kubbutat et al., 1997) . In response to diverse stress stimuli, the cell stabilizes p53 by preventing Mdm-2-mediated degradation. In fact, it was recently reported that E2F-1 can stabilize p53 via the induction of the human tumor suppressor protein p14 ARF (Bates et al., 1998) (Fig. 6 ). p14
ARF directly binds to Mdm-2, preventing degradation of p53. In addition, depending on the cellular context, the activation of p53 results in one of two different outcomes, including cell cycle arrest or apoptotic cell death (Schuler and Green, 2001 ). Interestingly, p53 has been an attractive target for study, since it can intervene at every major step in apoptotic pathways (Haupt et al., 2003) . ARF expression (1), which in turn directly binds to p53 inhibitor, Mdm-2 (2), preventing degradation of p53 (3). p53 promotes apoptosis by transcriptional modulation of the Bcl-2 family members, increasing the ratio of pro-to antiapoptotic proteins (4). →, induction; , inhibition.
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The mechanism by which p53 signals members of the Bcl-2 family of proteins is not entirely understood. It has been shown that proapoptotic members of the Bcl-2 family, such as Bax, Noxa or Puma are transcriptional targets of p53 (Miyashita and Reed, 1995; Schuler and Green, 2001; Thornborrow and Manfredi, 2001 ). In addition, p53 downregulates the antiapoptotic member Bcl-2, thus inducing the release of apoptogenic factors from mitochondria (Miyashita et al., 1994) . Notably, UDCA inhibits apoptosis of primary rat hepatocytes, by modulating gene expression of the E2F-1/Mdm-2/p53/ Bax apoptotic pathway, in a caspase-independent manner (Solá et al., 2003) . In fact, E2F-1 transcriptional activation, Mdm-2 decrease, p53 stabilization and alterations in Bcl-2 family protein expression were abrogated by UDCA during hepatocyte apoptosis. Further, in the absence of a toxic stimulus, UDCA prevented induction of p53 and Bax by overexpression of E2F-1 and p53, respectively, indicating that UDCA specifically regulates different steps of this cell death pathway. Importantly, we have also demonstrated that UDCA modulates the E2F-1/Mdm-2/p53 apoptotic pathway via a nuclear steroid receptor (NSR)-dependent mechanism (Solá et al., 2004) . Hepatocytes pretreated with UDCA upregulated NSR expression in association with reduced apoptosis. It was then shown that UDCA promoted NSR/chaperone dissociation, and subsequent NSR nuclear translocation. In fact, in the absence of ligand binding, NSR are primarily inactive and located within the cytosol in association with a variety of chaperone proteins. UDCA appears to directly interact with a specific region of the ligand binding domain of NSR, thereby mediating dissociation of NSR and translocation of an UDCA-NSR complex, and inhibition of apoptosis-related genes (Solá et al., 2005) (Fig. 7) . Moreover, our studies demonstrated that UDCA does not increase NSR transactivation in reducing hepatocyte apoptosis, suggesting that UDCA may cooperate with other nuclear transcription factors to regulate gene transcription.
p53 was also recently shown to engage the mitochondrial membrane permeabilization by directly activating cytosolic Bax in a transcription-independent manner (Chipuk et al., 2004) . Furthermore, p53 itself appears to act directly at the mitochondrial membrane. Recent findings showed that p53 promotes permeabilization of the outer mitochondrial membrane by forming complexes with Bcl-2 and Bcl-x L (Mihara et al., 2003) . Importantly, p53 induces Apaf-1 expression through a response element within the Apaf-1 promoter (Robles et al., 2001) . In addition, it activates the death receptor pathway of apoptosis by inducing the expression of three transmembrane proteins, including Fas, death receptor 5 (DR5) and p53 apoptosis effector related to PMP-22 (PERP). Curiously, a small molecule compound (2-[2-inimo-4,5,6,7-tetrahydrobenzothiazol-3-yl]-1-ptolylethanone) that inhibits wild type p53 (Komarov et al., 1999) may be a potential cytoprotective agent for preventing damage to normal tissues in patients receiving chemotherapy and/or radiation for tumors that lack functional p53.
The link between cell cycle and apoptosis has also been recognized in other proteins, such as c-Myc, Ras and cell cycle regulators including cyclin-dependent kinases (CDK) and cyclins (Vermeulen et al., 2003) . The molecular events responsible for c-Myc-induced apoptosis are not well understood. c-Myc-induced apoptosis may involve either p53-dependent or -independent pathways. It has been shown that c-Myc transactivates the p53 gene promoter and increases the half-life of p53 (Hermeking and Eick, 1994) . In addition, c-Myc-induced apoptosis has been correlated with the Fas system , activation of Bax and cytochrome c release (Soucie et al., 2001) . Interestingly, Ras activates both the MAPK signaling cascade and the PI3K pathway, thus playing a role in the regulation of apoptosis (Adjei, 2001) . In fact, Ras-mediated apoptosis proceeds through a MAPK pathway. The c-Jun N-terminal protein kinase (JNK) in turn could be triggered by the death receptor pathway or by cellular stress (Franklin and McCubrey, 2000) . In the JNK pathway, Ras activates the MAPK kinase kinase MAPK/ERK kinase kinase (MEKK), which activates different MAPK kinases to phosphorylate the MAPK JNK. Active JNK phosphorylates the transcription factor c-Jun, which in turn is crucial for induction of several apoptotic genes (Leppa and Bohmann, 1999) .
Finally, different cell cycle regulators, including Weel1, cdc27, p21, p27, pRb and CDK1 are targets for cleavage by caspases, indicating that cell cycle progression is significantly modulated during apoptosis . However, conflicting results exist regarding the role of CDKs in apoptosis. Some studies reported a proapoptotic activity, by showing that apoptosis-inducing agents such as staurosporine or caffeine induce CDK1 and CDK2 activity prior to cell death (Meikrantz et al., 1994) , whereas dominant negative mutants of CDK1, CDK2 and CDK3 suppress apoptosis induced by staurosporine and TNF-α (Meikrantz and Schlegel, 1996) . Taken together, induction of apoptosis depends on the cellular context where conflicting signals for cell proliferation and cell cycle arrest may result in cell death. Fig. 7 . Proposed model for the antiapoptotic function of UDCA. During hepatocyte apoptosis, UDCA appears to interact with a specific region of NSR ligand binding domain (1), leading to NSR/chaperone dissociation and subsequent nuclear translocation of both UDCA and NSR (2). The chaperone is frequently heat shock protein 90 (hsp90). Once in the nucleus, UDCA may inhibit the apoptotic cascade by regulating apoptoticrelated genes (3). →, induction; , inhibition. 
Conclusion
Advances in understanding the molecular mechanisms of apoptosis provide the opportunity for therapeutic intervention in several diseases characterized by an imbalance of cell survival and death. Herein, we elucidated the main pathways, effectors and molecular interactions involved in the dynamic process of apoptosis. Theoretically, all drug targets can be addressed in multiple ways by modulating the activity of the target at the levels of DNA, mRNA, or protein. Nevertheless, we listed a number of potentially promising therapeutic approaches to either promote or repress apoptosis, some of which are already being tested in human clinical trials. As expected, ,the therapeutic approach for cancer is to trigger tumorselective cell death. A number of strategies are currently being envisioned for this purpose, including the use of chemical inhibitors or antisense experiments targeting survival pathways, such as IAPs, NF-κB or protein kinases. In addition, we are now observing a growing effort to design and develop new agents directed to offset the apoptosis process and improve the pharmacologic intervention for diseases associated with high levels of apoptosis. To this end, apoptosis-blocking proteins, such as caspases inhibitors, are attractive candidates. Moreover, UDCA and its conjugates, by acting as pleiotropic agents, may represent an effective treatment modality to diseases associated with increased levels of apoptosis. It remains to be determined as to the mechanism(s) by which UDCA regulates gene transcription. UDCA was visualized as aggregates in the nucleus of hepatocytes, indicating that the bile acid may either form complexes itself or interact with other protein complexes. Much like other bile acids, UDCA may have the affinity to directly bind to DNA. Nevertheless, UDCA should necessarily interact with transcriptional factors inside the nucleus in order to regulate gene expression. The transcription factor p53 may be a good candidate, since we have shown that the bile acid is able to suppress p53-induced Bax expression. Nevertheless, UDCA modulates the expression of the E2F-1 protein, as well as the expression of p53 itself, indicating that other transcription factors are similarly regulated. The next decade will almost certainly unveil the remarkable role of apoptosis-based therapies in the control of many human disorders.
